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REMARKS 

Claim 17 has been added. Claim 17 corresponds to previously cancelled claim 
1 1, and no new subject matter has been added. 

The Examiner has rejected claims 3, 5, and 6 under 35 U.S.C. 103(a) as being 
unpatentable over U.S. 6,232,848 issued to Manku in view of U.S. 6,813,485 issued to 
Sorrels and U.S. 6,522,195 issued to Watanabe. 

The present invention consists of two single-transistor transconductors with a 
floating voltage source used to shift the relative biasing of the two single-transistor 
transconductors in order to implement a new, high linearity transconductance amplifier. 

Manku teaches a low-voltage technique to implement RF circuits based on 
capacitive coupling and resonant circuits. Manku does not in any way teach 
improvement of linearity as described and claimed in the present application. 

Sorrels teaches a transmission-gate (complementary FET switch), and discusses 
the linearity of Rds (switch on-resistance) versus voltage across the switch, and does not 
address the improvement of linearity of the type addressed by the present invention. 

Watanabe teaches a low noise amplifier, but does not address linearity of the 
transconductance amplifier. 

Attached to this response is a copy of a paper authored by the present inventors 
and published June 12, 2006. The paper may assist the Examiner in understanding the 
irrelevancy of Watanabe and Sorrels towards the present invention. 

Claim 3 recites a high linearity mixer including a RF transconductance amplifier 
having a floating voltage source. The Examiner cites Figure 2 of Watanabe as teaching 
this element However, the voltage Vcc referred to by the Examiner is not a floating 
voltage source, but rather is the power supply of the circuit as explained at lines 21 to 23 
of column 2 of Watanabe. 

Claim 3 also includes a capacitive feed-forward path within the RF 
transconductance amplifier. The Examiner cites the capacitor 38 and a feed forward path 
of Figure 2 of Watanabe as teaching this element. However, what is referred to by the 
Examiner as a feed forward path, element 22 in Figure 1 , is a path to bypass the main 

5 
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circuit. The role of the capacitor 38 is to keep the transistors 24 and 26 of Figure 1 within 
their linear region of operation, as explained at lines 23 to 26 of column 2. What the 
Examiner refers to as the capacitive feed-forward path is the combination of block 22 in 
Figure 1 and the capacitor 38, which is simply a bypass circuit for the main circuit 

Claim 3 also includes the limitation that the transconductance amplifier has a 
constant transconductance over a wide range of input differential voltages, resulting in 
high linearity in terms of both HP2 and IIP3. The Examiner cites Section 6.7.4 (column 
86) of Sorrels as teaching this limitation. However, as explained above, the linearity 
discussed by Sorrels is the linearity of Rds (switch on-resistance) versus voltage across 
the switch. This is not the same as providing a constant transductance in an RF 
transconductance amplifier over a wide range of input differential voltages. 

Manku, Sorrels, and Watanabe, do not teach each and every element of claim 3, 
either individually or in combination. The Applicant therefore respectfully submits that a 
prima facie case of obviousness has not been established against claim 3. 

Claim 5 includes all the limitations of claim 3, and further includes that the 
floating voltage source in the RF transconductance amplifier allows the low voltage 
operation of the RF transconductance amplifier. The Examiner cites Watanabe as 
teaching this element, but does not provide any details of where this element is taught by 
Watanabe. As explained above with reference to claim 3, the voltage Vcc of Watanabe is 
actually the power supply of Watanabe 1 s circuit, and is not a floating voltage source 
within a transconductance amplifier. Manku, Sorrels, and Watanabe, do not teach each 
and every element of claim 5, either individually or in combination, including the 
limitations of claim 3 on which claim 5 is dependent. The Applicant therefore 
respectfully submits that a prima facie case of obviousness has not been established 
against claim 5. 

Claim 6 includes all the limitations of claim 3, and further includes that the RF 
transconductance amplifier is self-biased and does not require any additional biasing 
circuitry. The Examiner cites Manku as teaching this element, but does not provide any 
details of where this element is taught by Manku. Manku invention discloses a low 
voltage technique for RF circuits based on using capacitive coupling and resonant 

6 
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circuits, but makes no mention of any transconductor being self-biased. Manku, Sorrels, 
and Watanabe, do not teach each and every element of claim 6, either individually or in 
combination, including the limitations of claim 3 on which claim 6 is dependent. The 
Applicant therefore respectfully submits that a prima facie case of obviousness has not 
been established against claim 6. 

The Examiner has rejected claim 4 under 35 U*S.C. 103(a) as being unpatentable 
over Manku in view of Sorrels and Watanabe and U.S. 5,529,046 issued to Werner. 
Claim 4 includes all the limitations of claim 3, and further includes the limitation wherein 
a body-effect of the p-channel single transistor transconductor and of the n-channel single 
transistor transconductor is eliminated to improve the linearity by obviating the 
threshold-voltage-modulation assisted nonlinearity. The Examiner cites Werner as 
teaching this element While Werner does teach the body-effect elimination to improve 
linearity, Werner discusses high-voltage power MOS devices capable of 1200V. These 
devices are completely different in behaviour and structure from 0.l8^m CMOS 
technology- What is true for high voltage MOS devices is not necessarily true for low- 
voltage devices. The Applicant respectfully submits that Werner cannot be taken to teach 
the limitation of claim 4 as the type of device about which Werner teaches is completely 
different from the type of devices recited by claim 4. Furthermore, as discussed above 
with reference to claim 3, none of Manku, Sorrels, Watanabe teach the remaining 
elements of claim 3, nor has the Examiner shown where these remaining elements are 
taught by Werner. For these reasons, the Applicant respectfully submits that a prima 
facie case of obviousness has not been established against claim 4. 

The Examiner has rejected claim 7 under 35 U.S.C. 103(a) as being unpatentable 
over Manku in view of Sorrels and Watanabe and U.S. 5,721,500 issued to Karanicolas. 
Claim 7 is dependent on claim 3 and includes all of the limitations of claim 3. As 
discussed above, none of Manku, Sorrels, and Watanabe, either independently or in 
combination, teach each and every element of claim 3 and hence of claim 7. The 
Examiner has also not shown where Karanicolas teaches the elements of claim 3. The 
Applicant therefore respectfully submits that a prima facie case of obviousness has not 
been established against claim 7. 

7 
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The Examiner has rejected claim 8 under 35 U.S.C. 102(e) as being anticipated by 
Manku. Claim 8 is directed to a high linearity, low power, low voltage active mixer 
wherein ac-coupling between an RF transconductance amplifier and a mixing stage 
blocks flicker noise associated with the RF transconductance amplifier. The Examiner 
has not indicated where this feature is taught by Manku. Manku is cited as a reference in 
the Background of the present application. While Manku discusses the use of capacitive 
coupling in order to achieve low-voltage operation, Manku does not discuss, directly or 
indirectly P the use of capacitive coupling to filter out flicker noise in mixers. Since 
Manku does not clearly teach each and every element of claim 8, the Applicant 
respectfully submits that claim 8 is not anticipated by Manku. 

The Examiner has rejected claim 12 under 35 U.S.C. 103(a) as being unpatentable 
over Watanabe in view of Manku. Claim 12 recites an RF transconductance amplifier 
which includes a p-channel single transistor transconductor. The Examiner has cited 
element 66 of Wanalabe as teaching this element. However, transistor 66 of Watanabe is 
not a p-channel single transistor transconductor, but rather is a switch controlled by 
digital signal denoted as "bypass" in Figure 2. Transistor 66 is not a transconductor. 

Claim 12 also includes a capacitive feed-forward path within the RF 
transconductor amplifier. The Examiner has cited element 38 of Watanabe as teaching 
this element. However, capacitor 38 has nothing to do with the feed-forward capacitor as 
recited in claim 12. The capacitor 38 is used to keep transistors 24 and 26 within their 
linear mode of operation. The capacitor 38 and the circuit denoted as block 22 in 
Watanabe serve merely to bypass the main circuit 

Claim 12 also includes a floating voltage source. The Examiner has cited element 
Vcc of Watanabe as teaching this element. However, as explained at lines 21 to 23 of 
column 2 of Watanabe, element Vcc is not a floating voltage source but rather is the 
power supply of the circuit 

Since Watanabe and Manku do not teach each and every element of claim 12, 
either independently or in combination, the Applicant respectfully submits that a prima 
facie case of obviousness has not been established against claim 12. 
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The Examiner has rejected claims 13-15 under 35 U.S.C. 103(a) as being 
unpatentable over Watanabe in view of Manku and Werner. 

Claim 13 includes all the limitations of claim 12, and further includes the 
limitation wherein a body-effect of the p-channel single transistor transconductor and of 
the n-channel single transistor transconductor is eliminated to improve the linearity by 
obviating the threshold-voltage-modulation assisted nonlinearity. The Examiner cites 
Werner as teaching this element. While Werner does teach the body-effect elimination to 
improve linearity, Werner discusses high-voltage power MOS devices capable of 1200V. 
These devices are completely different in behaviour and structure from 0.1 8 jam CMOS 
technology. What is true for high voltage MOS devices is not necessarily true for low- 
voltage devices. The Applicant respectfully submits that Werner cannot be taken to teach 
the limitation of claim 13 as the type of device about which Werner teaches is completely 
different from the type of devices recited by claim 13. Furthermore, as discussed above 
with reference to claim 12, none of Manku, Sorrels, Watanabe teach the remaining 
elements of claim 12, nor has the Examiner shown where these remaining elements are 
taught by Werner. For these reasons, the Applicant respectfully submits that a prima 
facie case of obviousness has not been established against claim 13. 

Claim 14 includes all the limitations of claim 12, and further includes that the RF 
transconductance amplifier is self-biased and does not require any additional biasing 
circuitry. The Examiner cites Manku as teaching this element, but does not provide any 
details of where this element is taught by Manku. Manku invention discloses a low 
voltage technique for RF circuits based on using capacitive coupling and resonant 
circuits, but makes no mention of any transconductor being self-biased. Manku, Sorrels, 
and Watanabe, do not teach each and every element of claim 14, either individually or in 
combination, including the limitations of claim 12 on which claim 14 is dependent. The 
Applicant therefore respectfully submits that a prima facie case of obviousness has not 
been established against claim 14. 

Claim 15 is dependent on claim 12 and includes the same limitations discussed 
above which are not taught by Watanabe, Manku, and Werner, either independently or in 
combination. Since it has not been shown where each and every element of claim 15 is 
taught by the cited references, the Applicant respectfully submits that a prima facie case 
of obviousness has not been established against claim 15. 
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In addition, claim 17 has been added. Claim 17 corresponds to previously 
cancelled claim 1 1, although the claim has been rewritten in independent form so as to 
include all the limitations of previous claim 1. The Examiner had previously rejected the 
claim as being obvious in view of Manku and Sorrels. 

Claim 17 includes the limitation that the transconductance amplifier has a 
constant transconductance over a wide range of input differential voltages. In rejecting 
previous claim 1 f the Examiner cited Manku as teaching this limitation without providing 
any details as to where this element was taught. As discussed above, Manku is concerned 
with providing a low voltage technique to implement RF circuits based on capacitive 
coupling and resonant circuits. Manku does not in any way teach improvement of 
linearity as described and claimed in the present application. 

Claim 17 also includes the limitation that excellent linearity (I1P2, IIP3) results, 
rendering the mixer suitable for a direct conversion receiver. In rejecting previous claim 
1 1, the Examiner cited Section 6.7.4 (column 86) of Sorrels as teaching this limitation. 
However, as explained above, the linearity discussed by Sorrels is the linearity of Rds 
(switch on-resistance) versus voltage across the switch. This is not the same as providing 
a constant transductance in an RF transconductance amplifier over a wide range of input 
differential voltages. 

For these reasons, the Applicant respectfully submits that a prima facie case of 
obviousness cannot be established against new claim 17 in view of Manku and Sorrels. 

In view of the foregoing, it is believed that the claims as amended herein are in 
condition for allowance. Reconsideration and action to this end is respectfully requested. 

Respectfully submitted, 

S. Mark Budd " 
Registration No. 53,880 
Agent of Record 

MARKS & CLERK 

P.O. Box 957, Station B 

Ottawa, ON KIP 5S7 (613)236-9561 
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Abstract The design and implementation of on 8 GHz 
CMOS quadrature downconverter, achieving simultaneously 
low volage supply operation and good linearity is presented 
in mis paper. This is achieved by relaxing the inherent trade- 
off between power conversion gain and linearity governing 
all active mixers and unptemcnting a mixer using a new 
version of the bias-offset technique. The Quadrature gener- 
ator uses active inductors embodied in the LO buffer, and 
provides easy tuning by relaxing the coupling between am- 
plitude and phase tuning of the outputs, tt also provides 
reduced power consumption by eliminating the buffer* lo- 
cated between the quadrature generator and the mixers. A 
prototype implemented in a 0. 18 Mm CMOS technology oc- 
cupies an area of 0.44 x 0,3 mm*, operates from a IV power 
Supply and features an IIP3 of +3-5 dBm, an UP2 of better 
than +48 dBm, an input compression point of —5.5 dBm, 
a power conversion gain of +6-5 dB for the mixers and a 
quadrature phase and amplitude marching of better than 1.5° 
and 1 dB respectively over a bandwidth of 100 MHz after 
tuning. The overall power consumption of the quadrature 
downconverter is 25,8 mW, 

Keywords CMOS quadrature downconverter • Active 
indnctor * Bias-offset technique • Linearity • I,ow voltage 

lw Introduction 

The downlink of cellular phones in the next generation of mo- 
bfle communication systems is expected to use orthogonal 



E Mahraoudi • C. A. T. Salama (0) 

Bdwara S. Rogers Sr. Department of Electrical & Computer 

EngUwning, Uniwsiiy of Toronto, 10 King's College Road, 

Toronto, ON, M5S 3G4, Canada 

e-mail; aalama^ vrg.uwitroKxca 



frequency division multiplexing (OFDM) as the multiple 
access scheme and quadrature phase* shift keying (QPSK) 
data modolatiOQ, operating at a data rate of 100 Mbps [1 , 
2]. This high data rate translates into high chann el band- 
width which in turn requires good RF receiver front-end 
linearity to accommodate me dynamic range necessary to 
maintain the Bit-Error-Rate (BER) of die received signal. 
Future generations of wireless systems are expected to be 
implemented using direct conversion r e cei vers (DCR) due 
to their suitability for monolithic unplernemation and rel- 
ative ease of design for OFDM multiple access systems 
[3-5]. The later feature is due to the fact that by leaving 
the OFDM subcarriexs located at DC and near DC empty 1 
[6], tic-coupling can be used at the output of die mixer to 
eliminate the DC-oflsei and most of the flicker noise power 
without affecting the BER of the received signal. In a DCR, 
designed for future mobile phones, me quadrature downcon- 
verter most provide good linearity and low-voltage capability 
while maintaining small form factor and design simp licity 

This paper presents the design and implementation of 
a quadrature downconverter providing good linearity at a 
supply voltage of IV. It is miplcmented inaO.18 jemCMQS 
technology and operates at 8 GHz. 



2r Quadrature downconverter 

The schematic of a DCR is illustrated in Fig. 1. Its RF 
front-end consists of three main blocks, namely a fil- 
ter to eliminate the nudes ired frequency content of the 
signal and to select me channel of interest, a low-noise 



'As implemented in IEEE 802.11a 
nerwofteCWLANHfrJ. 



standard for wirelesa local area 
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amplifier (LNA), and a quadrature oWnconvcrtcr to de- 
modulate the incoming anglo-modulatcd data. The RF 
signal caponed by the antenna reaches the mixers af- 
ter one step of amplification by the LNA. This imposes 
demanding requirements on the dynamic range of the 
mixers [7]. 

Quadratmc signal generation from the differential local 
os cillator « an essentia] part of * quadrature rtcmmmm- 
verier providing the In -phase (/) and Quadrature (0 signals. 
If the amplitude of the / and Q signals are not equal and/or 
then phase difference deviates from 90% the error rate In 
detecting the baseband signal increases [4]. 

If the receiver is to be implemented on a single chip, 
me integration of the RF, analog and digital signal pro- 
cessing sections must all be implemented in CMOS [9], 
For a tentative frequency band centered around 8 GHz [I], 
0.18 (im CMOS technology is an appropriate choice for me 
implementation of the receiver and associated i 



3. Mixer 

34. Background 

The current commutating mixer (CCM). illustrated in Fig. 2 
in a block diagram farm, is the most commonly used CMOS 
active mixer. In this architecture, the incoming RF signal 
is first transformed to a current by the transcondnctor, ft* 
signal is then downconvertcd to the desired IF frequency in 
me mixing stage. The transiesistance stage is finally used to 
convert me IF current back to voltage. 

m a conventional CCM, die mixing stage typically con- 
sists of the well known cross coupled differential pairs and 
the rransresisiance stage may be implemented using either 
resistors or transistors. The transconductor is commonly im- 
plemented using a simple differential pair, as illustrated in 
Fig. 3(a). The differential pair has a nonlinear voltage to 
current transfer characteristics resulting in a non-constant 
trans conductance (<7 m ) as shown in Figs. 3(b) and (c) re- 



fl&2 CCM block tfagnun 
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Linear enms conductor (.ideal) 

Nonlinear transconductor 

Fig. 3 Conventional tranaoondnctor VS*6 in CCM (ft) Circ air diagram, (b) Transfer cfaarqeteristrca, and (c) IteRSCOflductance versos input vohige 
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Fig. 4 The proposed 

(a) The bias offset tcchrnqne for 
Mi an) Mz (M 3 and M») asing a 
floating voltage source, (b) The 
complete circuit diagram of the 
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spectwety. This nonlinear behaviour affects the linearity of 
the CCM f 101. 

so far either add to the complexity of the design and tibe 
power consumption [1 1] or include an unreasonable amount 
of inductive degeneration which results in a large chip area 
[12]. Kim et aL [13] proposed a technique to improve the 
linearity of RP rranscojwtoctors based on harmonic-toned 
multiple gate transistors which provides good linearity in 
terms of JDDP3 (the HP2 of the design was not reported) hut 
has alow power conversion gain and a relatively high noise 



A CMOS traoscooductor featuring a bias-offset tech- 
nique introduced by Wang and Guggenhuhl [14] demon- 
strated good linearity while maintaining design simplicity. 
The original form of the bias-ofE&et technique applied to the 
conventional CMOS transcoodnctor is not suitable for high 
frequency, low voltage applications. 

In this work, a new version of the bdas-offsct technique 
is used in me transcondnctor design to relax the trade-off 
between the power conversion gain and linearity while pre- 
serving the gain of the circuit and operating az low supply 



3.2. Mixer circuit design 

figure 4(a) illustrates the trarisconductor concept used inthis 
work to improve the linearity of ttisCCM [15, 16]. The offset 
voltage provides a controlled bias between the gates 
of M\ and Af 2 and M A ). In order to decrease the power 
consumption of the circuit, current reuse [17, H] is em- 
ployed in the design through the N and P-channel common 
source tran si store M x w&Mi(M$ andM*). THa technique al- 
lows doubling the transccridnctance gain for the same power 
consumption. 

In otder to gain analytical mgigfrt into the linea ri za ti o n 
technique applied to the transconAictance stage of the mixer, 



the trans conductance of the circuit shown in Fig. 4(a) was 
derived using the following Jd-Vcs transfer characteristics 
for me MOS transistors [19] 



/o = 



2[l +0<V< ? s + 



where Mo is me low field bulk mobility of the carriers* C„ 
is the gate oxide capacitance per unit area, 6 is the mobil- 
ity degradation factor due to the vertical electric field in the 
gase of the device, | is the mobility degradation factor dee 
to the horizontal electric field in the channel of the MOS 
transistor, Vps.** the saturation dram-source voltage of 
the Transistor, Vcs is the gate to source voltage of me device , 
V* is the threshold voltage of the transistor and W and L 
are die width and The length of the device respectively. This 
equation preserves the required simplicity for hand calcula- 
tions while taking into account short channel effects which 
afTecl die linearity of the r^mscc^ dnctancc of the device. The 
transccttdnctance g m of a MOS transistor can be calculated 
from (1) as follows 



gm = j^~ ^.E VgS - V * 



(2) 



The transcorjductance G m of the half circuit consisting of 
Afi, Af 2 and die floating voltage source V mjKt in Fig. 4<a) is 
given by 



Mvi _ 3(/di-/q2) 9/qi din 



Win 



(3) 



It is observed that V^i = Vpo-V^ and Vqsz = -f 
Vqffstt, therefore for a ftod V DD and V^, 



SV iap = -dVscy =w GS2 



(4) 
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From Eqs. (3) and (4), G m can be expressed in terms of 
me trans conductances g m{ and g^a of ttmwifliois M t and 
Ml as 



G m = ^{gm\ + gml) 



(5) 



From Eqs. (2) and (5), G m can be obtained In terms of 
V^-, and the aspect ratio of transistors Mi and M% as 



-(?), 



Wi i+2(*, + ft)(V«--i'j V H 1 Vj 



(6) 



To achieve a maximally Hat (maximally constant) G m as a 
function of Vpp at peak G m , the second and third order deriva- 
tives of G,„ wim respect to 1%, am set to zero at peak G m 
by choosing a proper value for and (WfchKWfQi . As 
shown in Fig. 4{b), the voltage V^ Mf is realized by transis- 
tors M 5 and Af 6 (W7 and Afg). It is given as a function of the 
aspect ratios of M 5 and AS* (M7 and flfa) by Che following 



where 



(7) 



(8) 



The low-voltage capability of the transcondiictor shown in 
Fig. 4(b) is achieved by offsetting the gate bias voltage of M \ 
and M% (M$ and M4) to provide simultaneously high gate to 
source voltage for both M \ and M 2 (M 3 and ^4) at a supply 
voltage of I V. The design ensures simultaneous operation of 
Mi t M 2 , M 2 andAlj in the active region over a relatively large 
range of the input signal levels. This feature along with the 
tolly symmetric characteristics of the design are key to the 
good hnearity behaviour of the design in terms of second- 
order nonlinearjues. Capacitor C x in Fig. 4(b) provides a 
feedforward path for the RF signal and improves the high 
frequency performance of the floating voltage source. By 
introducing C lf the RF signal appearing at the gates of M\ 





V onto r450mV 



r*Q0 mV x 

V**-750mV>\ 



-3QU0 0,00 300.0 600.0 

Input differential voltage (mV) 

Fig. 5 TianSCCdductanfi© G„ of the traimcoodDctor; for three 
different vstoca of the offset ventage. The flat transoonductzmce 
{Vf&a = 730 raV) was obtained fbr (H7L)| = 32 fitntfAB fun, 
(W/L)i = 20 Mia/0.18 m = 30 omVO.25 <can, WW* «= 

16 /imXUft nm 



and 3/2 (W3 and Ma) will be identical, as required for the 
proper operation of the circuit 

Figure 5 illustrates tbe simulated transconductance G m of 
the half circuit shown in Fig. 4(b) and consisting of M j , Aft, 
Ms and M* for three different values of and for (W/L), 
= 32 fun/0.18 /zm and (W/Z>>2 = 20 Mm/0.18 Jim. As ob- 
served, a vahie of Vagi* » 750 mV results in a constant 
transenndoctance over a wide range of the input differential 
voltage, which in turn translates into good linearity perfor- 
mance of the mixer. 

Tbe final schematic of the mixer under consideration is 
illustrated in Kg. 6 and the values of all the components 
are given in the figure. As illustrated, tbe RF transconduc- 
tcr is ac-coupied co a mixing stage made of cross-coupled 
differential pairs which is terminated in a lowpass load to 
eliminate any undesirable high frequency content in the out- 
put signal- Active loads axe avoided at the output of the 
mixer to numrnizs flicker noise and improve the NF at 
baseband frequencies. The cross coupled mixing stage is 
biased through LC resonators (set at 8 GHz) instead of the 
conventional current sources to enable low-voltage opera- 
tion [20] and optimize the performance of the mixing stage 
at 8 GHz. 

Tabic I summarizes the post layout simulated perfor- 
mance of me raixtr. The present design offers considerable 
advantages over the conventional CCM (12) in terms of gain 
and linearity and in addition o p er at es at 1 V supply which is 
not possible in the conventional case. Specifically, it relaxes 
the tradeoff between power conversion gain and linearity of 
CGMs which allows for sinuutaneoiisly Improving the gnin 
and Iirjearity of the mixer. 
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1V 



M 9 



1V 
"ft 



JO* 



[ Mixing jStega I 



Mia 



Transconductor Stage 
employing a new ver- 
sion of the bias-offset 
technique 




fig. 6 Schematic of the Proposed Mixer. (Mu My. 32AJ.IB; Af 2 , AfV 
20*n 8; Jfcf 3 . J*: 3Q/0J5: M B : 1670. 1 Mt. ^M n , M n : 8AU& 
all dimensions 4fe in microns. L = 0.5 aH; C t = IpF, C 2 = 8pF. 



CVj = 0.8 pF. C4 = 2pKR = 500n).ThcDCtevcI a raicRFpnpDt 
is 0 V end me DC value of the LO inpnt is 0.55 V 



TUble 2 shows the effect of process variations on the per- 
formance of the proposed mixer architecture; note (hat the 
power worst case and speed worst case listed in the table, 
include a power supply variation of +10% and —10% re- 
spectively to fnlfy account for the worst case condition. Hie 
table ninstrates the relative robuswess of ^ design for pro- 
cess and supply voltage variation. 

4. 



Quadrature generators reported In the literature so far rail 
within one of the following categories: ROCR filters [21], 
polyphase filters [22J, subtraction and addition [231 fre- 
quency division [24], cellular oscillator networks [25], ring 
oscillators [3] and quadrature LC-Osdllators [26]. Most of 
these approaches either have a large form factor dne to the 
use of resistors and capacitors consuming a relatively high 

Table 1 Post Layout simuUtloo results 

Post layout simulation 



Technology 
Supply Voters 



Noise figure 
HP3 

P-ldB 

Power coovemoo gain 
Powo cooflaraptign 



0.1 8 t*ai CMOS. 1 
nmosmmsistors 
IV 
8 GHz 
11 dB 
+2dBu 
+52 dBm 
-lOdBxu 
+12 dB 
6.2 mW 



chip area, or result hi an increase in power consumption 
due to the requirement for RF buffers between the quadrai- 
tnre generator and the mixers, or doe to the use of a VCO 
operating at twice die frequency of interest. A quadrature 
g cucialui integ rating the quadrature generation scheme into 
the LO -buffer was introduced by Steyaert and Roovers [27]. 
The design has a small form factor but has tendency Coward 
causing instability due to the negative resistance present at 
its inputs and caused by the capacirive degeneration used to 
provide the 9<f phase shift In the following subsections, the 
design and analysis of a new quadrature generator that inte- 
gtmes the quadrature generation scheme into the LQ-buflfer 
using active inductors, is presented. 

4.1. Architecture 

Hie block diagram of the proposed design is illustrated in 
Fig. 7 [23]. It consists of & LO-bufTcx. a differential active 



Tfehfc Z £ fifed of process and supply voltage variations on Che per- 
formance of the mixer 





Typical 


Speed wont 


Power worst 




praCC33 


ease 


case 




pataznetEis 






Gain 


12 dB 


10 dB 


7dB 


UP3 


+2 dBm 


+23 dBm 


+4 dBm 


nP2 


+52 dBm 


+54 dBm 


+58 dBm 


P-ldB 


—10 dBm 


-9J5 dBm 


—7.5 dBm 


Power consult 


tpfcon 6.2 mW 


6mW 


6.9 mW 
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VCO 



■*j LO X 
_^ Buffer s 



Common Mode 
Stabilizer 



DifTertnwU Active ■ 
Inductor 



Common Mode 
Stabilizer 



Quadrature Generator 



Bfcocfc diagram of the quadrature gcncjulDr undcar conaklcration 



V. 



I- Mixer 



: - w Q- Mixer 



Canachivc 
. loading of the 
. miners, used in 
'the design of the 
; active Inducior 



inductor and two coinrnon-mode stabiKzers. In this architec- 
ture, there is no need for iso faring the qnadramre generator 
from the miners by using additional boffers, since the capac- 
iuve loading of Che mixers on the quadrature generator can 
be used in the active mductor design. The LObuffer consuls 
of common source n -channel transistors loaded by p-charmel 
transistors. The differential active inductor is illustrated in 
Fig. b and is based on the conventional G m ~C structure [29]. 



In Fig. 8, gaa and g£ are the traiisconAictances of M? (Mij) 
and Ms (M$) re$pec U vdy. 

The cxmxmon-mode stabilizer, shown in Fig. 9, consists 
of two cross coupled transistors (ftfej, Mzt) and transistor 
Af 23 which is & 2cro-thrcsho Id MOS transistor and is de- 
signed (O operate in the triode mode. The circuit is added 
to the design to stabilize the common-mode behaviour of 
the differential active inductor by moving its common-mode 



*dd 



SM 7 M S 5 



firm 



2 



3: 



Bmi - 8 i 



"2C± ^=2C 

IP w 



v dd 



FSp.8 Diflcicnrial ajctrve inductor 
Kg. 9 



based on the Cn-C architecture 




. Z Q (differential mode output impedance) 



C «— Total capacitance at the output 
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right-hatf-plane pole to the left-half-planc [30]. In the dif- 
ferential mode of operation, me common-mode stabilizer 
appears as an impedance Zg with a real pan given by 



(9) 



where, gaa is me transcondVetance of A/ 2 i or Afzi, C is The 
total parasitic capacitance at (be outputs of the common- 
mode stabilizer and r M is the output resistance of M23 in me 
triode region which can be controlled by Vc* 

4.Z Design and analysis 

The complete circuit of the quadrature generator is shown in 
Fig. 1(1. Transistors M\,Mi*M\i and Mw form the LO-buflfer 
and Af 3 , Af<j, Af 13 and Afgj are dummy transistor identical 



to Mi, Mi? and Af w and are added to the drcmr to 
preserve the symmetry of the design. The capacitors Caux* 
implemented by the gate to Source and gate to drain capac- 
itances of the fKchannel transistors Af 9 , Af 10) M IX and A/ l2 , 
are included in the design to relax tbe coupling between the 
amplitude and phase tuning of the quadrature generator by 
cancelling out the gate to drain capacitance of transistors M \ , 
Mx (Mj. Ma). Tnis is done by setting the aspect ratio (W/L) 
of Alp to Af 12 to be half of that of Mi to M« such that the sum 
of the gate to drain and the gate to source capacitances of Ma 
to Af J2 equals Qje gate to drain capacitance of M| to Mi, lb 
obtain an analytical insight into the quadrature signal gener- 
ation of me circuit, the outputs of the circuit of Fig. 10 were 
derived in terms of the differential local oscillator voltage 
(Viq). This was done by replacing transistors Mu Mz and 
M5 to M 8 by the small signal model illustrated in Fig, I ! and 
replacing transistors M3, M4 arid Ml 3 to M20 by parallel RC 
circuits, representing the output resistance and me sum of the 




VtO-V^-Vuo. 



Kg. 10 Qicuit of the quadrature generator. (Mi 10 Af B : 10/O.lS; voltage devices: 6/ 0.5; aD dimension* art in /an. = 1 V, ^ - 
Mil,Mn.B£ximdM&9foWlMn,Mi*toi 9 nndMn^?fol&;M* 750mV,V BI = ISOmV. V M - 0, V c « 850 mV) 
to Af 12 : 5*>.1S; M u to M n : 12/0.18; Af« and itf w an zero threshold 
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Drain ? 




Source & Bulk 

Fig, 11 Small signal model used xo analyze the qwsdnawe generator 

(bain Id balk and drain Co gate capacitances of each transis- 
tor. In the difierennal mode of operation, the common-mode 
stabilizers were replaced by a negate resistance which was 
designed to cancel out the equivalent conductance at nodes 
A, B, C and D in Fig. 10, which is necessary for the quadra 
tore phase generation at me auzputs. The output capacitance 
of the common-mode stabilizer is merged in the equivalent 
capacitances at nodes A, B, C and D. The resulttag equations 
specifying voltages V, to V d arc listed below; 

Vi = + s{C mx - c»i 

* [go* + sQCg* + Cg» + C„ + C^)] Vi. 0 (10) 



V 2 = J/(«) + s{Csur - Q^)] Vio (11) 

V 3 = -i/fr) [ M + ^(C^ - C>)] Smi V LO (12) 

K 4 = -H(s) [g w > + f(C tf « - C sdft )] 

X [geca + J C2C^ + Cm + C„ + C dKjr )] V L0 (1 3) 



(10) to ( 13) it is clear thai once the quaviiatnTc phase rnatcinng 
is achieved (g^ - 0), the amplitudes of V\ to V 4 can be 
made equal at a desired frequency, provided that 

g mi = o>42C EdS + C sdb + + C flux ) 

where a> is the desired angular frequency. The value of go* 
is adjusted by setting the DC currents of M5 to Ms using the 
p-channel transistor Af 15 to Mb in Fig. 10 to satisfy Eq. (1 5). 

By choosing C** = C*a»» the rnnltrplicand + 
siCw-Cfib)] in Eqs. (10) to (13), reduces to and there- 
fore the magnimdes of Vj, V 2 , V 3 and V 4 cart be adjusted 
independently of their phases by varying The transccEn- 
duciance is controlled by the bias current flowing through 
Mi and Mi using the ^channel transistors M& and M l4 and 
Vbi . An optional automatic amplitude control signal K B] can 
be applied to the gales of Afn and M 14 to compensate tor 
process and temperature variations of the output amplitudes. 

Figure J 2 illustrates the post layout simulated magnmirip, 
and phase behaviour of the four outputs of the quadrature 
generator of Fig. 10, along with the time domain behaviour 
Of the circuit. The circuit is designed such that it has a 
simulated gain of 0 dB to prevent the attenuation of the 
local oscillator signal. As observed, the simulation results 
confirm the equations characterizing the outputs. Hie circuit 
exhibits a phase difference of 90° between the outputs and 
equal amplimde for tbe four quadrature outputs at 8 GHz* as 
shown in Fig. 1 2(b). 



(gmi - 2sC 8di f - l g09a + j(2C <rf , -h C tdb -h + Cog*)} 2 



where is the gate to drain capacitance of the R-charmel 
transistors in the LG-bufTer-. represents the gate to drain 
capacitor of the rt-channel transistors forming the active in- 
ductor, is the equivalent capacitance at nodes A, 3, C and 

gab is me transconductance of the w-channel transistors in 
the tO-baSer. gnu is the transconductance of the n-channel 
transistors in the active inductor and goe ^ is the equivalent 
conductance at nodes A, B, C and D. 

A$ is observed from £qs. (10) to (13), by eliminating tbe 
equivalent conductance at nodes A, B, C and D in Fig. )0 
G-e. got, = 0), using the negative output conductance of 
the common-mode stabilizer circuit, controlled by V c , the 
voltages V\ and V 4 wfllhave 90° phase shffi relative to V 2 and 
V3 respectively. The 90" phase shift is represented by the term 
s&Cgdi + C t & + C eq + Ctaa) in the analytical expressions for 
V\ and V4- Vc can also be used to apply an optional automatic 
phase tuning signal [31] to this circuit to compensate for 
process and temperature variations of the output phase. From 

£ Springer 



5. Experimental results 

The micTophotograph of the fabricated quadrature down- 
converter implemented in a 0.18 j*m CMOS technology is 
shown in Fig. 13. The chip area is 0.44 x 0.3 mm 2 including 
two mixers each occupying an area Of 0.28 x 0.2 mm 2 and a 
quadrature generator with a silicon area ofOlSxO^rnin 2 . 
The mixers and the quadrature generator are highlighted on 
the micrograph. Two on-chip output buffers are integrated 
with the quadrature downconverter. The butlers match the 
output of the mixer to 50 & at baseband frequencies 10 al- 
low for proper interfacing with the measurement setup. This 
is done by setting the tr^nscoodoctance (g m ) of die source 
follower stage equal to 20 mA/V (1/(50 Q)).The RF and 
LO inputs of the mixer were externally mntrhrH to 50 S3 
in the process of measurement using manual microwave 
tuners. 
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(0) (b) 




Figure F4 illustrates the two- tone test results at 8001 
and 6003 MHz. The intercept of the linear extrapolation of 
the first and tbirf order Kims indicates a measured HP3 of 
+3.5 dBm. The HP2 of the mixer was found to be better 
than 448 dBm. Due to the relatively high noise floor of the 
measurement setup, particularly (be spectrum analyzer, and 
me fact mat the magnitude of the second order nonlineariry 
wa$ small and comparable to the noise floor for most values 
of the input signal power below the 1 dB compression point 
of the mixer, it was only possible to observe that the KP2 



of the mixer is better man +4£ dBm. The corresponding 
simulated results for HP3 and IIP2 were +2 dBm +52 dBm 
respectively. 

Figure 1 5 shows a plot of the power transfer characteristics 
of the mixer From the plot, it is apparent that the mixer 
exhibits a compression poini of -5.5 dBm and a power 
conversion gain of +6.5 dB. By comparison, the simulated 
power conversion gain and the 1-dB compression point are 
+12 and -10 dBm respectrvely. The lower values of the 
measured power conversion gain (PCG) is partly duo to the 
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Kg. 14 Two-tone rest revealing a 
snnukrcd HP3 of +2.5 dBm 




HP3 of +3«5 dBm and a 



Experimental 



(P-1dB* -5.5 dBm | 
fCG- +€.5 dB | 
Erpcrimcafal 
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Pig, 15 P^>T4 fn^naS^r chflTMtcrisfiCB of UlC iiuajET llluttiiAting a tWJW 

sored 1-dB compression point of — 5J5 dBm and a power oonvereton 
gain (PCG) of +6.5 dB vosna a sirrniTatrd P-1 dB of —9-5 dBm and a 
FOG of +10 dB 

de-toning of the LC resonator, and me parasitic resistances 
at Ifac RF signal path which are not extracted by the design 
kit used in this work. 

The miw exhibits a RF to LO isolation of 60 dB at 
8 GHz. This is achieved by maximizing the separation of the 
RF and the LO sections of the mixer to minimize tho substrate 
assisted coupling between the two ports and by placing the 
transistors of the mixing stage indzvidnaDy in deep tf-wclls 
isolated from me substrate. The mixer exhibits a relatively 
law noise figure of 1 1 dB at baseband frequencies. 

Figure 16 shows me measured and simulated quadrature 
phase and amplitude matching of the outputs of the cir- 
cuit for a peak-to-peak differential local oscillator input of 
300 mV (measured output of 250 mV peak-to peak at the 



output of the quadrature generator which results in a gain of 
roughly —2 dB) over a bandwidth of 100 MHz which is the 
tentative targeted bandwidth for the future generation of mo- 
bile phones. The circuit demonstrates a measured quadrature 
phase and amplitude matching of belter man 13° and 1 dB 
over (he bandwidth of interest. The fine tuning of the quadra- 
ture generator per f or mance requires applying a variation of 
less than 150 mV in V c (4° of variance in the output quadra- 
ture phase) and less than 8Q mV in V B i (1 dB of variance in 
amplitude) to achieve the values reported in Fig. 16. These 
contro l voltage variation* can he generated by automatic am- 
plimde and phase toning circuitry previously reported in the 
hterature [3 1 1- The yimnfcuinn results for the effect of pro- 
cess and supply vohnge variations (10%) rathe performance 
of the design reveal a phase and amplitude variations of 6° 
and 1 dB respectively which can be easily tuned using the 
amplitude and phase control voltages. 

Figure 17 illustrates the measured time domain represen- 
tation of the outputs of the quadrature generator. The exper- 
imental gam of the quadrature generator at 8 GHz is almost 
2 dB lower than the simulated value. Ths slight discrepancy 
between the experimental and simulation is partly attributed 
to the uncertainty in measurements doe to the built-in jitter 
oftheequtpmeoL 

The measured characteristics of the quadrature downccn- 
vener are listed in Table 3. Post-layout simulation results are 
also listed in the table for the sake of comparison. This is 
the first reported CMOS quadrature downconverter operar- 



2 3 Experimental characterntica and post-layout ahnnlanoa re- 
eulta of the miKCT and the c 



Grant Parameter 


Expert mental 


Post-layout 


Mix or Supply Voltage 


IV 


IV 


RF&LO frequency 


SGRi 


6 GHz 


Conversion Gam 


+6\5dB 


+12 dB 


HP2 


>+48 dB 


+52 dBm 


1IP3 


+3.5 dB 


+2 dBm 


P-MB 


-5 J dBm 


—10 dBm 


LO-RF Isolation 


60 dB 




Nobc figure (white) 


UdB 


UdB 


Power consumption 


6.9 raW 


6.2 mW 


Care chip area 


0.28x02 mm 2 




Quadrature Supply vottane 


J V 


IV 


generator UQ gain mhmaicfc* 


<ldB 


<03dB 


t/Q phase xmsroatch" 


<l_5 B 


<!♦ 


Power consignation™ 


12 mW 


tamw 


Core chip area 


0-1 5x009 mm 2 





♦Oer ft bandwidth of lot) MHz. 
"Including the LO-bnrTer, 
***Since pan of flic LO-RF 

only the measured result is 
sideralioOa sutKtmte models were 



fttfcCc m the 
oat available. 
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Fig. 16 Comparison between 
measurement anil simulation 
results, (a) Quadrature phase, 
(b) Magnitude of the transfer 
funcrion of die outputs 
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ing in the 8 GHz band. The design features relatively high 
power conversion gain and linearity at 1 V supply voltage 
due to the new bias-offset technique applied to die mixer 
transcooductor stage. 




Fig* 17 The lime detrain measured output of the ounojaturc 
generator 



6. Conclusion 

The design and implementation of the first reported 8 GHz 
CMOS quadrature downcorrvcrter operating from a I V 
power supply and suited for direct conversion receivers was 
presented in this paper. It is implemented in the CMOS 
0.18 fixa technology. The quadrature downconverter oc- 
cupies a silicon area of 0.44 x 0.26 mnr 1 and consumes 
25.8 mW. The mixers employ a new version of the bias- 
effect technique to achieve low operating supply voltage and 
good linearity at a reasonable power conversion gain. The 
mixers require a LO power of —3 dBm, and mature an IIP2 
better rhan +48 dBm, an TDP3 of +3-5 dBm, a power con- 
version gain of +6.5 dB, a P-l dB of -5.5 dBm and good 
isolation of 60 dB between the RF and the LO ports. The 
quadrature generator uses active inductors in (be LO- buffer 
for quadrature generation. The circuit relaxes the coupling 
between the amplitude and quadrature phase tuning which 
makes it easier to apply automatic tuning circuitry to the 
design to compensate for process and supply voltage vari- 
ations. It eliminates the need for buffering stages to isolate 
the quadrature generator from the mixers which in turn re- 
sults in a considerable reduction in power consumption. It 
features a quadrature amplitude and phase matching of bet- 
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tar than l_5* and 1 dB respectively over a bandwidth of 
100 MHz. 
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